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H and 13 C NMR, density functional calculations.
We have shown during the last decade that the dirhodium method [1] , i.e. the use of the dirhodium complex Rh (II) 2 [(R)-(+)-MTPA] 4 (Rh) [2] , is complementary to the use of chiral lanthanide shift reagents (CLSR) [3] in enantiodifferentiation by NMR spectroscopy. 4 (MTPA-H = methoxytrifluoromethylphenyl acetic acid, Rh) [2] ; L is either a base ligand under investigation or a solvent molecule.
Scheme 1: Structure of the dirhodium complex Rh 2 [(R)-(+)-MTPA]
Although this method is particularly suited for soft Lewis base ligands [1] , it may offer the advantage of remarkable selectivity in multifunctional ligands containing hard bases, such as oxygen, molecular frameworks that often exist in natural products [4] . The method can even recognize chiral ethers [5] .
In our continuing work, we compared the selectivities of carbonyl oxygen complexation to Rh in various functionalities by investigating the 1,4-benzodioxane derivative 1 [6] , a homoserine lactone derivative 2 regulating bioluminescence in the bacterium Vibrio fischeri [7] , a commercially available synthetic oxazolinone derivative 3, the adamantane derivative 4, and the benzoxepinone 5. 1 H (left: H-2; Δν = 12 Hz) and 13 C NMR spectral sections (right: C-8a; Δν = 4 Hz) of the racemic 1,4-benzodioxane derivative 1 (for the structure of 1 see Scheme 2; atoms corresponding to the NMR signals are marked by squares in the upper formula). Bottom: spectrum of the free ligand; top: spectrum in the presence of an equimolar amount of Rh.
shifts Δδ (in ppm) result, which are of moderate magnitude if the complexation site is close to the respective nucleus. Thereby, preferred complexation sites can be determined. Moreover, each NMR signal is split into two due to the presence of diastereomeric adducts between Rh and the ligand molecule L. Such dispersion values Δν (in Hz, recorded at B 0 = 9.4 T corresponding to 400 MHz 1 H) are often of significant size, but may be either very small or even indetectable. Figure 1 displays a typical example.
The results for compounds 1 to 5 are shown in the Schemes 2 to 6. In all cases, numbers are in italics for 13 C atoms, and only values of significant magnitudes are given. Complete lists of all chemical shifts (δ), complexation shifts (Δδ) and dispersion effects (Δν) are collected in the supplementary material.
Enantiodifferentiation
As can be seen from Figure 1 and Schemes 2 to 6, there are several 1 H and 13 C signals dispersed (Δν), in each case allowing enantiodifferentiation. One can expect that there is no problem in applying the dirhodium method in these classes of polyoxygenated compounds.
Since Rh is a soft base, generally, it binds either selectively or predominantly to one oxygen atom. This is further explored in the following.
Ligand competition
The racemic 1,4-benzodioxane-type flavanolignane moiety 1 (Scheme 2) offers one ester group, three different ether groups as well as one alcoholic and one phenolic hydroxyl group as potential ligand sites. The following conclusions can be drawn from the data of 1. (a) Only the ester carbonyl and, to a lesser extent, the CH 2 OH oxygen atoms are complexation sites; from the Δδ ( 13 C)-values one can expect that the carbonyl oxygen is the strongest donor. All other oxygen atoms do not contribute significantly to the adduct formation. amide oxygen that is the strongest donor; the lactone-C=O is apparently not much involved. 13 C chemical shifts (see supplementary material) indicate that the molecule may exist in a diketo vs. keto-enol equilibrium involving the amide carbonyl. Since its balance may be affected by coordination, the ketone carbonyl may suffer from coordination shifts, even if it is either not or hardly involved in coordination.
Compound 3 (Scheme 4), recorded as a nonracemic mixture (R : S = 2 : 1), allows a comparison between an amide and a carbamate oxygen, and here the amide prevails.
Ester and ketone carbonyls are expected to possess similar donor properties. The fact that the ester function in 4 (Scheme 5) does not contribute at all is probably a consequence of steric repulsion; in contrast to the keto groups, the ester group has two gauche-oriented CH groups. Finally, the racemic benzoxepine derivative 5, shows a weak carbonyl complexation; no other atom in the molecule except the carbonyl carbon shows any significant Δδ-value (see Scheme 6, left), in accordance with our expectation based on the results of compound 2. Nevertheless, even this weak coordination to Rh is good enough for remarkable enantiodifferentiation (see Scheme 6, right).
Thus, a sequence in donor strengths of oxygen atoms in various functional groups can be established:
amides ≥ carbamates > esters ≈ ketones > ethers
Secondary effects, such as the presence of electronegative substituents in close vicinity [4] , tautomerism (see 2), and/or steric shielding (see 4) may perturb this sequence.
In order to get more information about the mechanism(s) governing the selectivity, we decided to record Δδ-values of some more (achiral) model compounds (6 to 8) (Scheme 7) in order to see whether an analogous selectivity in Rh-coordination exists.
Indeed, this is the case. Interestingly, only the carbonyl C-3 is involved in the complexation of the anhydride 6, whereas the other one is not competing, obviously due to steric hindrance by the perihydrogen. In 7, having a lactone and a keto group, both carbonyls contribute, but the keto group dominates. In 8, the amide group strongly prevails, as expected. Scheme 7: Favored complexation sites, indicated by "Rh···", and complexation shifts Δδ (in ppm) in homophthalic acid anhydride (6), 1,4-dioxo-isochromane (7), and N,N-diethyl-γ-oxo-benzenebutanamide (8).
According to the accepted interpretation of adduct formation between the rhodium atoms in dirhodium tetracarboxylate complexes and their ligands [1, 9] , the dominating mechanism for carbonyl oxygen ligation is electrostatic dipole attraction. Molecular orbital interactions (HOMO-LUMO), which are responsible for the effective binding of soft-base ligands [1] , are not expected to play a major role for the second-row oxygen because of their much larger energy gaps.
The most obvious physical property to govern electrostatic attraction is the charge at the carbonyl oxygen atoms. The Δδ-values of the compounds 6 to 8, as determined from the dirhodium experiment (Scheme 7), were compared with calculated charges (electrostatic and Mulliken) in those compounds, complemented by analogous data of the fivemembered ring compounds cyclopentanone (9), the corresponding lactone 10, lactame 11 and carbamate 12, as well as tetrahydrofurane (13) It is obvious that the charges at carbonyl oxygens, either electrostatic or Mulliken charge, parallel roughly the donor properties. Carbamates deserve a comment. Although the calculations suggest that the electrostatic charge of carbamates and amides are similar, there is a clear dominance of the amide in 3.
The data of 1 (Scheme 2) prove that ethers are clearly less effective in binding to rhodium atoms in Rh than carbonyl compounds. None of the ether oxygens in 1
shows any complexation effects. Nevertheless, the dirhodium method is still well suited for enantiodifferentiation of chiral ethers [5] . The small calculated electrostatic charge value for the oxygen in tetrahydrofuran (13, Table 1 ) fits well to this observation. On the other hand, the Mulliken charge of 13 is similar to those of most carbonyls. Thus, we expect that, in general, electrostatic charges are more appropriate to be compared to Δδ-values.
In conclusion, electronic charges of oxygen atoms in carbonyl groups seem to play an important role in Rh*···O adduct formation. However, if they are similar for two or more functionalities in one single molecule, secondary effects, such as inductive effects, tautomerism, and steric hindrance, may easily favor one of them in a way hard to predict. Further comparative studies are required.
Although the interaction mechanisms in the Rhadduct formation are not yet fully understood, the remarkable selectivity of the rhodium atoms in binding to oxygen functionalities is of great advantage for applying the dirhodium method, i.e., for the discrimination of chiral polyoxygenated natural products; NMR signal averaging is prevented by avoiding a mixture of various structurally different adducts, which would easily obscure signal dispersions.
Experimental

Syntheses:
The synthesis of the ester 1 has been described elsewhere [6] . The homoserine lactone 2 is commercially available as racemate and as the L-enantiomer. Both enantiomers of the 2-oxazolinone derivative 3 are commercially available. The synthesis of 4-methoxycarbonyladamantan-2,6-dione (4) has been published before [11] .
Racemic 5-methyl-1,3,4,5-tetrahydro-2-benzoxepin-1-one (5) Homophthalic acid anhydride (6) is commercially available. 1,4-Dioxoisochromane (7) has been synthesized from 2-bromomethylbenzoic acid [13] and N,N-diethyl-γ-oxo-benzenebutanamide (8) [14] from γ-oxo-benzenebutanoic acid according to known synthetic procedures.
Instrumental:
1 H (400.1 MHz) and 13 C (100.6 MHz) NMR spectra were obtained on a Bruker DPX-400 instrument (9.4 Tesla). Solutions were ca 0.07 molar in CDCl 3 with internal tetramethylsilane as standard (δ = 0 ppm) for both 1 H and 13 C spectra. Digital resolutions were 0.14 Hz/point in the 1 H and 0.24 Hz/point in the 13 C spectra. NOE, DEPT, HMQC and HMBC spectra (Bruker standard software) afforded a safe signal assignment.
In the standard dirhodium experiment, Rh and an equimolar amount of the ligands 1 to 8, respectively, were dissolved in 0.7 mL CDCl 3 . Quantities of 10 to 25 mg of Rh (ca 0.01 to 0.025 mmolar concentration) were employed. The dissolution process was accelerated by exposing the NMR sample tubes to an ultrasonic bath for a couple of minutes. No acetone-d 6 was added to increase the solubility of Rh*.
Note that Δν-values are B 0 -dependent; in this work all dispersion values are given in Hz, as determined at B 0 = 9.4 Tesla corresponding to 400 MHz 1 H and 100.6 MHz 13 C.
Calculations: All calculations were performed by density functional methods (B3LYP 6-31G*) using the SPARTAN ´06 package, version 1.1.0 [10] .
Supplementary data: The complete NMR spectroscopic data sets of compounds 1 to 8 are available as supplementary material.
